Digital core simulation technology, as an emerging numerical simulation method, has gradually come to play a significant role in the study of petrophysical properties. By using this numerical simulation method, the influence of micro factors on seepage properties of reservoir rock is taken into consideration, making up the shortcomings of the traditional physical experiment. Three-dimensional core images are reconstructed by a computed tomography scanning technique. Different sizes of the sub-region were simulated by three methods including the direct computation of Navier-Stokes equations, the simulation of the pore network model, and the lattice Boltzmann method. The permeability computed by each simulation was compared. After comparison between these three methods, the results of the direct computation method based on Navier-Stokes equations were found to be higher than the other two methods. The pore network model simulation has an obvious advantage on the computation speed and the simulation area. The lattice Boltzmann method shows the low efficiency due to the time-consuming process. At last, the permeability calculated by the three methods is matched by the Kozeny-Carman equation. A more accurate formula can be obtained by a series of numerical simulations, which can be applied to marco-scale simulation.
Introduction
Microscopic flow simulation technology and computed tomography (CT) such as X-ray CT, have rapidly become essential non-destructive techniques for imaging rocks under deformation in petroleum research. Gradually they have become popular technical tools in the oil industry for studying the physical properties of rocks, due to technological advances in high-quality, high-resolution data acquisition and image processing [1, 2] . X-ray Micrometer CT scanning is a technique that uses cone-shaped X-rays to penetrate an object and magnify an image by an objective lens of a different magnification. It consists of a large number of X-ray attenuation images, obtained by 360-degree rotation to reconstruct a three-dimensional model. The CT image reflects the energy attenuation of X-rays as they penetrate the object. Therefore, the three-dimensional CT image can truly reflect the pore structure and relative density in the core. An overview of recent advances and developments in the application of X-ray CT to subsurface flow and transport problems can be found in Wildenschild et al. [3] . Numerical reconstruction methods can also be used to construct three-dimensional representations of the pore space, including Gaussian simulation [4] , simulated annealing [5, 6] , processed-based [7] , multiple-point statistic [8] , Markov Chain Monte Carlo (MCMC) method [9] , etc. Montemagno et al. [10] measured the
Mathematical Method

Direct Simulation of Navier-Stokes Equations
In general, the pore network modelling and some numerical methods are solved by Poiseuille equations, degenerated by the N-S equations. Firstly, we directly solve the N-S equations with the finite element method. The control equation of in-compressible viscous fluids is shown in Equation (1):
Pore Network Model Simulation
The general approach to establishing the pore-network model is to impose mass conservation on the N pores, and to obtain pore pressures by solving the resultant system of equations, subject to specified boundary conditions. For an in-compressible fluid, mass conservation on pore i must be satisfied. For a simple case of Newtonian fluid, the continuity equation applies and we get:
For each pore q ij in Equation (2) is the volumetric rate of flow from an adjacent pore j into pore i through their interconnected throat. P i is the pressure in pore i, and g ij is the hydraulic conductivity for the pore throat that connects pores i and j. Equation (2) states that the net accumulation of fluid in Energies 2019, 12, 3273 3 of 9 pore i is zero. The pressure at each pore and flow rate at each pore-throat are calculated by solving the system of equations.
Lattice Boltzmann Method
The lattice Boltzmann Method, is a flow field calculation method developed in the mid-1980s. It is derived from the lattice Gas Automata (LGA), developed from a completely discrete lattice gas approach. The Lattice Boltzmann equation is a special discrete form of Boltzmann-BGK equation. The BGK model is defined by the following equation:
where f j (x, t) is a particle distribution function representing the probability of finding a fluid particle with a velocity e j at location x and time t. τ is the relaxation time. b is the number of velocities.
is an equilibrium distribution function. All the variables in the lattice Boltzmann method are dimensionless.
Qian et al. proposed a series of models of DdQm (d-dimensional space, m discrete velocities) as the basic model of the lattice Boltzmann method [17] . For 2D regular cell models, the most commonly used lattice structure is D2Q9.
The equilibrium distribution function for the D2Q9 lattice model is given as follows:
where w j is the weight factor in the j direction. c s is the speed of sound, and c s = 1 
Numerical Simulation and Analysis
Physical Models
X-Ray CT Scanning Test
Five sandstone core samples were used in CT scanning. The instrument used by the X-ray CT scanning is the Xradia 400 micron CT scanner. Basic information of the five cores of the X-ray CT scanning is shown in Table 1 . The scanning image of No. 1 core sample is shown in Figure 1 . Then, the watershed segmentation algorithm is adopted in this study. Watershed algorithm, based on the morphological segmentation algorithm, is the gradient of image segmentation. This algorithm will use local threshold values, not one threshold value for the whole map. The purpose of image segmentation is to divide the image into different objects, that is, to extract the edge of the object. Since the edge of the object changes sharply, the gradient image just describes the change of the image's gray level. Therefore, the original image can be detected by the gradient operator edge detection gradient image, and then through the gradient image watershed transform image segmentation. Figure 2 shows the pore size distribution [18, 23] of No. 1 rock sample. The pore size mainly ranges from 150 μm to 200 μm. Permeability and porosity are calculated in the sub-regions. Then, the porosity of the whole core can be calculated for each of the five digital cores. Then, the watershed segmentation algorithm is adopted in this study. Watershed algorithm, based on the morphological segmentation algorithm, is the gradient of image segmentation. This algorithm will use local threshold values, not one threshold value for the whole map. The purpose of image segmentation is to divide the image into different objects, that is, to extract the edge of the object. Since the edge of the object changes sharply, the gradient image just describes the change of the image's gray level. Therefore, the original image can be detected by the gradient operator edge detection gradient image, and then through the gradient image watershed transform image segmentation. Figure 2 shows the pore size distribution [18, 23] of No. 1 rock sample. The pore size mainly ranges from 150 µm to 200 µm. Permeability and porosity are calculated in the sub-regions. Then, the porosity of the whole core can be calculated for each of the five digital cores. Then, the watershed segmentation algorithm is adopted in this study. Watershed algorithm, based on the morphological segmentation algorithm, is the gradient of image segmentation. This algorithm will use local threshold values, not one threshold value for the whole map. The purpose of image segmentation is to divide the image into different objects, that is, to extract the edge of the object. Since the edge of the object changes sharply, the gradient image just describes the change of the image's gray level. Therefore, the original image can be detected by the gradient operator edge detection gradient image, and then through the gradient image watershed transform image segmentation. Figure 2 shows the pore size distribution [18, 23] of No. 1 rock sample. The pore size mainly ranges from 150 μm to 200 μm. Permeability and porosity are calculated in the sub-regions. Then, the porosity of the whole core can be calculated for each of the five digital cores. 
Permeability Calculation Based on Direct Solving of N-S Equations in Avizo
Avizo is adopted for the direct solving of N-S equation. A preliminary test that can be performed prior to the permeability computation is a percolation test. The aim is to be sure that the void space Energies 2019, 12, 3273 5 of 9 existing in the material allows a fluid going from one side to another. One core example is shown in Figure 3 . The isolated void spaces are removed, which makes the computation more efficient. Avizo is adopted for the direct solving of N-S equation. A preliminary test that can be performed prior to the permeability computation is a percolation test. The aim is to be sure that the void space existing in the material allows a fluid going from one side to another. One core example is shown in Figure 3 . The isolated void spaces are removed, which makes the computation more efficient. The permeability simulation was performed with the Absolute Permeability Experiment Simulation Module in Avizo, and the absolute permeability was calculated. The default parameters simulate an experiment along the Z axis with the input pressure at 1.3 × 10 5 Pa and the atmospheric pressure at output. The resolution or the pixel size is 19.8502 μm, as shown in Table 1 . The default viscosity is the viscosity of water. The boundary conditions of the experiment can also be modified, so that the velocity and pressure fields are scaled with these values. In this study, the permeability of each core sample in X, Y and Z directions was obtained. The simulation results of five core samples are shown in Table 2 , and the velocity distribution of No. 5 core sample is shown in Figure 4 . From the results of permeability in three directions, it can be found that the permeability in each direction varies greatly, with the difference ranging from 0.8 μm 2 to 3.4 μm 2 , which reflects heterogeneity of cores. The permeability simulation was performed with the Absolute Permeability Experiment Simulation Module in Avizo, and the absolute permeability was calculated. The default parameters simulate an experiment along the Z axis with the input pressure at 1.3 × 10 5 Pa and the atmospheric pressure at output. The resolution or the pixel size is 19.8502 µm, as shown in Table 1 . The default viscosity is the viscosity of water. The boundary conditions of the experiment can also be modified, so that the velocity and pressure fields are scaled with these values. In this study, the permeability of each core sample in X, Y and Z directions was obtained. The simulation results of five core samples are shown in Table 2 , and the velocity distribution of No. 5 core sample is shown in Figure 4 . From the results of permeability in three directions, it can be found that the permeability in each direction varies greatly, with the difference ranging from 0.8 µm 2 to 3.4 µm 2 , which reflects heterogeneity of cores. 
Avizo is adopted for the direct solving of N-S equation. A preliminary test that can be performed prior to the permeability computation is a percolation test. The aim is to be sure that the void space existing in the material allows a fluid going from one side to another. One core example is shown in Figure 3 . The isolated void spaces are removed, which makes the computation more efficient. The permeability simulation was performed with the Absolute Permeability Experiment Simulation Module in Avizo, and the absolute permeability was calculated. The default parameters simulate an experiment along the Z axis with the input pressure at 1.3 × 10 5 Pa and the atmospheric pressure at output. The resolution or the pixel size is 19.8502 μm, as shown in Table 1 . The default viscosity is the viscosity of water. The boundary conditions of the experiment can also be modified, so that the velocity and pressure fields are scaled with these values. In this study, the permeability of each core sample in X, Y and Z directions was obtained. The simulation results of five core samples are shown in Table 2 , and the velocity distribution of No. 5 core sample is shown in Figure 4 . From the results of permeability in three directions, it can be found that the permeability in each direction varies greatly, with the difference ranging from 0.8 μm 2 to 3.4 μm 2 , which reflects heterogeneity of cores. 
Permeability Calculation Based on Pore Network Model Simulation
The pore network model of digital core is as shown in Figure 5 . The above operation was performed for each of the five digital cores to obtain the permeability in different parts of the digital Energies 2019, 12, 3273 6 of 9 cores. For the simulation, seven sub-regions with the size of 350 × 350 × 350 were selected to calculate the permeability, and the simulation results are shown in Table 3 . The pore network model of digital core is as shown in Figure 5 . The above operation was performed for each of the five digital cores to obtain the permeability in different parts of the digital cores. For the simulation, seven sub-regions with the size of 350 × 350 × 350 were selected to calculate the permeability, and the simulation results are shown in Table 3 . From the results, it can be seen that the permeability calculated in different sub-regions differs greatly. The difference is between 0.1 μm 2 and 0.6 μm 2 , reflecting the heterogeneity of the core. In addition, compared with the previous results, this method performs a more extensive range of permeability simulation and faster calculation speed, which is an efficient method of permeability prediction.
Permeability Calculation Based on the Lattice Boltzmann Method
Due to the heavy computation problem, the size of sub-region is set as 100 × 100 × 100. This study performed the above operations on all five digital cores, and obtained the permeability calculation results as shown in Table 4 .
The method has more rigorous calculation conditions, and the sub-region is the smallest compared to the other two methods. The calculation requires about 8 h for each case, but only a few seconds or minutes are needed for the previous two methods. From the results, it can be seen that the permeability calculated in different sub-regions differs greatly. The difference is between 0.1 µm 2 and 0.6 µm 2 , reflecting the heterogeneity of the core. In addition, compared with the previous results, this method performs a more extensive range of permeability simulation and faster calculation speed, which is an efficient method of permeability prediction.
Due to the heavy computation problem, the size of sub-region is set as 100 × 100 × 100. This study performed the above operations on all five digital cores, and obtained the permeability calculation results as shown in Table 4 . The method has more rigorous calculation conditions, and the sub-region is the smallest compared to the other two methods. The calculation requires about 8 h for each case, but only a few seconds or minutes are needed for the previous two methods.
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Results Analysis
The permeability calculated by the above three methods is matched by the K-C equation, as shown in Equation (6) .
where ε is porosity, k KC is permeability, and d is the average diameter of sand grains. Fit the calculated porosity and permeability to the K-C formula curve, as shown in Figure 6 .
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Conclusions
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The results of different sub-regions are quite different, which can reflect the core heterogeneity of cores. The final results were matched by KC formula. For future work, a more accurate formula can be obtained by a series of numerical simulations, which can be applied to macro-scale simulation. The results of direct solving N-S equation in Avizo deviate from the other two methods, almost above 1 µm 2 . The permeability calculated by the pore network model is between 0.1 µm 2 and 0.6 µm 2 , reflecting the heterogeneity of the core. In addition, compared with the other two methods, this method performs a faster calculation speed, which is a very efficient method of permeability simulation. The calculation with the lattice Boltzmann method is cumbersome, and the computation time is much longer.
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